The thermodynamic potential of quark-gluon plasma is investigated in the lightcone gauge. In this gauge, the gluon propagator has unphysical poles of kind 1/(n · k). In order to remove these singularities Mandelstam and Leibbrandt have proposed a new prescription. In this work the thermodynamic potential of quark-gluon plasma is calculated at two-loop approximation using the Mandelstam-Leibbrandt prescription and the obtained expression is shown to be gauge invariant.
Introduction
The development of quantum chromodynamics (QCD) as a fundamental theory of strong interactions provides firm predictions that at extremely high values of temperature (T ∼ 150 MeV) and density, ordinary nuclear matter can be transformed into a plasma of quarks and gluons rather than of separate hadrons [1] [2] [3] . It is believed that the early universe consisted of such plasma before a phase transition occurred approximately 10 µs after the big bang [2] . Physicists in the field of relativistic heavy ions hope to create and study this new state of matter by colliding heavy nuclei at extremely high energies. Several experiments for detecting quark-gluon plasma (QGP) have been done [4] [5] [6] [7] .
The investigations of the thermodynamic potential of QGP occupy a central point in understanding the thermal properties of this new state of matter [3] . Thermodynamic quantities such as the pressure p, the entropy density s, the average number density n f and the energy density ε in the system can be obtained directly from the thermodynamic potential.
At high temperatures the effective strong coupling constant is small α(T ) 1 and the thermodynamic quantities can be calculated perturbatively [8, 9] . Many interesting effects appear in summing the ring diagrams which have been evaluated at order g 3 in [10] and g 4 ln g 2 in [11] . In recent years a lot of efforts have been devoted to pushing perturbative calculations at order g 5 [12] .
The purpose of this paper is to calculate the QGP thermodynamic potential at finite temperature in the lightcone gauge. The most effective gauges in field theory are non-covariant gauges of the axial kind, such as the lightcone gauge. Lightcone gauge is a ghost-free axial-type gauge defined by n µ A a µ (x) = 0, where A a µ (x), with µ = 0, 1, 2, 3 and a = 1, 2, . . . , N 2 − 1, is a massless SU (N) Yang-Mills field, and n µ is an arbitrary constant four vector with n 2 = 0. Lightcone gauge is a simple gauge choice in the sense that the emerging propagator for the gluon field has a simple structure, when compared to other non-covariant gauge choices.
The principal advantage of non-covariant gauges stems from the decoupling of the fictitious particles in the theory. This property simplifies certain computations, but the existence of residual symmetry in the non-covariant gauges manifests itself in the appearance of unphysical poles 1/(n · k) in the gluon propagator, where k is a 4-momentum vector [13] . The structure of this kind of pole brings the theory upon problems, just to mention three of them: Wick rotation is not allowed, naive power counting cannot be used and unphysical divergences are obtained from computing loop integrals.
These singularities are treated by a variety of prescriptions [14] [15] [16] . In 1982, an elegant method was presented by Mandelstam [14] and Leibbrandt [15] independently for the lightcone gauge. A key property of the Mandelstam and Leibbrandt (ML) prescription is that it obeys the rule of power counting, a property that was used by Mandelstam to prove the finiteness of the N = 4 supersymmetric model [14] . It is known that the ML prescription yields the correct answer for the Wilson loop [17] [18] [19] and can be obtained on the basis of consistent quantization [20] . Also, the ML prescription has been remarkably successful in thermal Yang-Mills theories [21, 22] .
The principle value (PV) certainly fails in the lightcone gauge already at the one loop level and yields the wrong answer for the Wilson loop, a gauge invariant quantity, to order g 4 [23, 24] . Since the ML prescription gives satisfactory results in the lightcone gauge and, moreover avoids the problems of the PV technique, it is widely used in non-covariant gauge calculations.
The investigation of the thermodynamic potential in the lightcone gauge is very important for two reasons: firstly, to verify the gauge independence of the thermodynamic potential that was calculated in the covariant gauge [9] , and secondly, to compare the different prescriptions that are used in the lightcone gauge in thermal field theories.
In this paper QGP thermodynamic potential was calculated at two-loop approximation in the lightcone gauge. In order to circumvent non-physical singularities, we used the ML prescription.
In computing loop diagrams at finite temperature, one encounters ultraviolet (UV) and infrared (IR) divergences which must be taken care of [1, 2] . The perturbative infrared catastrophe of a non-Abelian gauge theory at high temperature is one of the most important problems in thermal field theory. The problem, which was first identified by Linde in 1979 [25] , is that perturbative calculations of the free energy of a non-Abelian gauge theory at high temperature with weak coupling g break down at order g 6 . All ultraviolet divergences appear already at zero temperature. Whatever regularization and renormalization of UV divergences are necessary at T = 0 are sufficient at T > 0 as well [1, 2] . In the lightcone gauge calculations the 1/(n · k) poles give rise to a worse IR behaviour in obtained expressions than covariant gauge calculations, where all the contributions are IR finite to O(g 2 ). Separating and regulating the T = 0 UV part and using the ML prescription we obtain expressions which do not consist of UV and IR divergences. After all summations and integrations, in the ε → 0 limit we obtain a QGP thermodynamic potential which agrees with Feynman gauge calculation.
Quark gluon plasma thermodynamic potential
At high temperatures the effective strong coupling constant is small α(T )
1 and the effects due to the interaction can be taken into account perturbatively. Using perturbative QCD, the properties of QGP can be obtained. The thermodynamic potential is related to grand partition function Z by = −T ln Z. Hence, our starting point for studying the thermal properties of QGP is the grand partition function
where f ,Ĥ ,N f and µ f are the quark flavour, the Hamiltonian operator, the particle number operator and the chemical potential, respectively. The trace in (1) implies a summation over all physical states accessible to the system in a spatial volume V and temperature T = β −1 . The partition function which defines the thermodynamic properties of the quark-gluon plasma is determined by the following functional integral:
where ψ and c are quark and ghost fields, respectively. S is the known expression for the Euclidean QCD action:
where L is the usual QCD Lagrangian in the lightcone gauge [3, 13] :
Here . 12
Let us represent the contribution of the three diagrams above as 1 , 2 and 3 , respectively, i.e.,
For the first two of these the Yang-Mills fields are responsible, while the last one takes into account the contribution of quarks. In the following calculations, we shall employ the standard thermal Feynman rules: Three gluon vertex:
Four gluon vertex:
Quark-gluon vertex:
Gluon propagator in the lightcone gauge:
Quark propagator:
Here the metric chosen is Euclidean, k 4 = 2πnT for gluon fields and k 4 = (2n + 1)π T for quark fields. All diagrams are evaluated by using the above expressions for the free propagators and vertices. After some simplifications of the tensor structure in the obtained expressions and carrying out algebraic transformations, we obtain
where E αβ is a two rank symmetric tensor which is expressed in the following form:
Note that E αβ is symmetric under the interchange of momenta p and k, as well as indices α and β:
Substituting the expression E αβ into equation (12) and carrying out tensor calculations, we obtain the expression 1 which contains poles of kind 1/(n · k). In order to remove these singularities, we shall use the ML prescription in Euclidean space. In Euclidean space the constant vector n µ is defined as n µ = (in 4 , n). The condition n 2 = 0 implies that n µ = (i|n|, n), so that the ML prescription reads [13] 1
Also, 1 contains UV divergences which are the same as at zero temperature, i.e. renormalization at zero temperature suffices to make the theory finite at non-zero temperature. Therefore, 1 can be divided into two parts as in the following [1] :
The integrals and summations in the expressions I 1 and I 2 can easily be calculated. After subtraction of the vacuum contributions from I 1 , we have
As can be easily seen, when we make summation over p 4 and integration over p, I 2 becomes zero. In order to calculate I 3 , we shall use the ML prescription in equation (15) . Accordingly, doing summation over p 4 and taking into account the ML prescription lead to the simplified expression for I 3 ,
Note that I 3 remains real despite the ML prescription (15) consisting of the imaginary part. Integration first over p, summing over k 4 and subtracting vacuum terms give the contribution of gluon fields to the thermodynamic potential
where ρ 2 = 1 n 2 ((n · k) 2 + ε 2 ). Note that in expression (29) ε certainly regulates the IR behaviour and in the ε → 0 limit, we obtain the expression of gluons' contribution to the QGP thermodynamic potential as g = 1 6 g 2 T 4 , which agrees with the Feynman gauge calculations [9] . Taking into account the quarks contribution term (equation 25), we can write the QGP thermodynamic potential as V = N f which is gauge independent. As a result, the ML prescription is successfully used for removing the unphysical poles in the lightcone gauge in thermal field theories. It is also essential to investigate thermodynamic properties of QGP in high orders and in other non-covariant gauges. We believe these studies to be of great importance for understanding many problems in thermal QCD.
